In order to contribute to the establishment of a complete map of transcribed regions of the human genome, we constructed a testicular cDNA library for the cynomolgus monkey, and attempted to find novel transcripts for identification of their human homologues.
Background
Progress in genome biology has revealed the complete genome sequences of many non-mammalian species, such as yeast, nematodes, and the fruit fly. In addition, the much larger and more complicated genome sequences of the mouse and the human will soon be made completely available. However, decoding the genome sequences, especially the human sequence will be a long process. In order to achieve a comprehensive understanding of how an organism is established by its genome sequence, we must identify the structure, function, and interaction of as many genes as possible. First, we should accumulate and compile many types of evidence from computational and empirical data. The immediate challenge is establishing a complete map of transcribed regions in the human genome. Current comprehensive studies predicting proteincoding genes from the human genome [1,2] mainly employ three sources of information: empirical evidence provided by expressed sequence tags (ESTs) and cDNAs, nucleotide and protein sequence similarity to those of known genes, and statistical probability calculated by computer algorithms (ab initio prediction). All of these sources more or less lead to false-positive or false-negative types of errors. EST and cDNA sequences usually contain sequences that are not actually transcribed in vivo, i.e. artifacts arising from splicing intermediates, genomic DNA contamination, and transcription from nongenic regions [3, 4] . Moreover, rarely expressed genes that may represent only a small portion of all transcripts cannot be easily represented in cDNA libraries. Predictions based on nucleotide and protein sequence similarities to those of other gene families and organisms might misassign pseudo genes, and cannot identify evolutionarily diverged genes that have no sequence similarity to known genes. Ab initio prediction works well for some organisms, such as yeast, nematodes, and the fruit fly. However, the human genome makes ab initio prediction of protein-coding genes difficult because it generally consists of small exons separated by long introns. Ultimately, in order to make a complete catalog of human genes, it will be necessary to gather undiscovered evidence from experiments and discard spurious evidence.
Our strategy for finding novel genes is to perform cDNA analysis using an organism closely related to humans, the cynomolgus monkey (Macaca fascicularis). In previous studies, we accumulated a number of 5'-end sequences of many clones derived from the oligo-capped cDNA libraries of the brain with high mRNA complexity, and determined approximately 1,500 full insert sequences of the clones whose 5'-end sequences showed no significant similarity to sequences in the public databases [5, 6] . This method allowed us to identify many novel transcripts in the human genome sequence. Using fresh cynomolgus monkey tissues makes it possible to isolate rarely ex-pressed genes, because mRNAs are so fragile that considerable portions of them degenerate during the usual construction of a cDNA library for humans. As an advantage of using cynomolgus monkey, evolutionary inspection can also provide information on gene function. If there are genes that evolved rapidly after the divergence of humans and cynomolgus monkeys, the function of the proteins and parts of the proteins might be important for human evolution. Moreover, biomedical interest in nonhuman primate genomes has been increased rapidly [7] , especially in macaques, which also have been a material as transgenic primates [8] , and thus genomic analysis of macaques will be important after the completion of human genome sequencing. In this study, we analyzed the cDNA library of the cynomolgus monkey testis. Analysis of testicular cDNA libraries has high potential for finding novel genes [9, 10] , because the testis is an organ in which transcripts have high complexity and where important biological processes, such as cell differentiation and meiosis, occur. The genes expressed in the testis are also important for medical, evolutionary, and developmental research. It is ironic that one of the most attractive tissues for biology expresses a number of undiscovered genes. We anticipated that analysis of the testicular cDNA library would lead to the discovery of novel genes that would facilitate post-genomic studies to attempt to unravel the complex genomes of higher organisms. Further, we conducted an expression analysis of our full-sequenced cD-NAs with cDNA microarray. DNA microarrays are a versatile tool for evaluating gene expression and sequence variation [11] . We used a cDNA microarray, to determine whether our putative genes were actually transcribed in cynomolgus monkey tissues and whether they were expressed dominantly in the cynomolgus monkey testis.
Results
We constructed the cDNA library derived from the cynomolgus monkey testis (library name: QtsA) by the oligo-capping method. The 5'-ends of 10,426 clones isolated from the library were sequenced and yielded 5,381 clusters of sequences (the redundancy rate was 1.94). To classify these cynomolgus monkey cDNAs and find their human homologues, we performed the BLAST search [12] to human RefSeq databases [13] . The 5'-end sequences of 6151 clones were found to have high similarity to 2321 human RefSeq genes with a cut-off value of e -60 . The results showed that most of frequently occurring genes in cDNA library, QtsA were those specifically expressed in testis and sperm. Breakdown of the numerically represented genes is shown in Table 1. The clones whose 5'-end sequences had no homologies to the sequences in the nr and EST databases in the Genbank and had the possibility of being a certain length of ORF were subjected to full-insert sequencing. The entire sequences of 512 clones were determined as a result, but the total number of non-re-dundant transcripts was smaller because we could not completely exclude the 5'-truncated clones of the same transcripts at the stage of 5'-end sequences. Further, we might obtain some alternatively spliced transcripts from the same gene. In such cases, we used the longest transcripts in this study. Ultimately, we obtained a total of 394 non-redundant full insert cDNA sequences ( Figure 1 ). After masking the common repetitive elements in the Repbase Update database [14] , we assigned all cDNA sequences to the human genome draft sequence by using the BLAST program. With 85% or greater sequence identity and 50% or greater overlap of cDNA sequence length as criteria, 12 clones were deduced to be chimeric because they could be divided into two regions, of which DNA sequences showed homology to sequences of different human chromosomes. Sequences of 317 cDNAs had only one homologous region in the human genome sequences, while 18 cDNA sequences had homology to more than two human chromosomal regions. The remaining 47 had no homologous sequences in the human genome based on the above criteria. The average nucleotide length of all full-sequenced clones was 2016 bp. Of the 382 non-chimeric sequences, 302 carried a putative CDS (coding sequence) longer than or equal to 300 bp. In order to determine how many human homologues of our full-sequenced cDNAs have been annotated from the human genome sequences, a search was made for 302 putative CDSs to the Ensembl human database (Release 5.28.1) [15] , which comprised 29,076 putative transcribed sequences classified as 'known' and 'novel' genes (BLAST cut-off value was e -60 , and the coverage was ≥ 50% of each putative CDS length). Genes classified as 'known' in Ensembl are more reliable and have valid cDNA and/or evolutionary evidence, whereas 'novel' genes lack credible sources of expression and are sometimes supported by only ab initio methods and ESTs. As a result, 124 and 89 putative CDSs had human homologous sequences in the known category and novel category, respectively. The oth-er 89 putative CDS had no homologous sequences in Emsembl human database based on these criteria. We also searched 302 cDNA sequences against the Ensembl mouse database (Release 7.3b.2), in which 28,097 putative transcribed sequences were annotated, (cut-off: e -30 , coverage: ≥ 50% of ORF length), resulting that 74 and 67 cDNAs had homologous mouse sequences predicted as Ensembl 'known' and 'novel' genes, respectively. Finally, 69 putative CDSs have no homologous sequences in the annotated mammalian genome sequences in Ensembl. The putative functions of 302 hypothetical proteins were predicted by searching against the InterPro database [16] . A list of their name and other information on the 302 cD-NAs is provided in the supplementary table (additional file 1). We then constructed the putative human transcribed sequences corresponding to the 302 cynomolgus monkey cDNA sequences carrying enough length of ORFs by using the human genome draft sequences (see Materials and methods). The result showed that 117 putative human transcribed sequences, including 55 'known' and 48 'novel' genes in Ensembl had almost identical genomic structure to those of cynomolgus monkeys. We tested how many exons of 48 'novel' and 12 'unidentified' putative transcribed sequences can be predicted by the ab initio program, GENSCAN [17] . In total, 240 (53%) and 79 (17%) of 455 exons were correctly and partially predicted by GENSCAN, respectively, however, 136 exons (30%) were unpredictable. The list of putative human transcribed sequences is presented in Table 2 and their sequences are provided in the supplementary data (additional file 2), but the sequences have not been registered in the public database because they were not actually sequenced. We also compared the nucleotide and protein sequence similarity of 117 putative transcribed sequences between humans and cynomolgus monkeys. Amino acid sequence identity, nucleotide sequence identity for CDS, synonymous substitution per synonymous site, and non- synonymous substitution per non-synonymous site are presented in Table 2 .
In order to investigate the expression pattern of the testicular full-sequenced cDNAs, we designed a DNA microarray containing approximately 400 spots of cDNA, fullsequenced samples and controls. Fifty clones carrying common repetitive elements and 12 clones deduced to be chimeric were excluded from further analysis, although they were spotted on the slides. Ultimately, 332 spots were used for quantification of gene expression. First, we investigated whether the putative genes were transcribed in a ubiquitous manner or had a tissue-specific pattern of expression especially in the testis. RNA pools from the testis of the cynomolgus monkey and the mixture of equal amounts of RNA from 10 other cynomolgus monkey tissues (brain, heart, skin, liver, spleen, renal, pancreas, stomach, small intestine, and large intestine) were independently labeled and co-hybridized to the DNA microarray. When the signal intensity of the testicular probe is greater than that of the mixed probe, the gene was concluded to be over-expressed in the testis, or to be transcribed in the testis and a few other tissues, but not ubiquitously. When the intensity of both signals was equal, the gene was concluded to be expressed in a ubiquitous manner. When the signal intensity of the testicular
Figure 1
Flow of full-sequencing analysis of unidentified clones. 1) The 512 full-sequenced clones were reduced to 394 because slightly different 5'-end sequences could be derived from the same transcripts. probe was lower than that of the mixed probe, the gene was concluded to be mainly transcribed in non-testicular tissues. We calculated the ratio of the testicular probe intensity to the mixed probe intensity and the ratio was normalized by using the beta-actin cDNA spot. A total of 316 (95%) of the 332 effective spots showed an intense and reproducible signal with either the testicular RNA probe or the mixed RNA probes or both. The signals of 75 spots were four fold or more intense with the testicular probe, and human homologues of the 15 genes among 75 cD-NAs had been registered in the RefSeq database ( Table 3) . Eight of the 15 RefSeq genes were reported to be expressed exclusively or dominantly in the human testis in the literature and the databases: TSGA10, expressed during spermatogenesis [18] ; ACTL7B, an intronless gene strongly expressed in the testis and weakly expressed in the prostate [19] ; SOX30, Sry-related transcriptional factor specifically expressed in the testis [20] ; and five NYD-SP genes, functionally anonymous but highly expressed in the testis in other DNA microarray experiments [21] . The other seven genes had ORFs of hypothetical proteins and were deduced from only the cDNA sequence evidence. Four of the cDNA clones were derived from human testis, and the other three cDNAs were from brain, placenta, or teratocarcinoma ( Table 3 ). The results indicated that the remaining 60 clones that have no human RefSeq homologues are expressed exclusively or dominantly in the cynomolgus monkey testis.
Discussion
In this study we analyzed a cDNA library derived from a cynomolgus monkey testis. Although most of the human genome sequence has been determined, many unidentified genes remain, and a complete catalog of protein-coding genes is desired. Sequence similarity search of our fullsequenced cDNAs to the human draft genome sequence resulted in the assignment of 347 cDNA sequences to at least one human chromosome, indicating that most genes in the cynomolgus monkey have homologous regions in the human genome. The primary objective of this analysis was to find genes that have not been experimentally identified in the human genome. Among the 302 cDNAs carrying enough length of ORFs ( = 300 bp), we succeeded in identifying 89 putative genes that have no counterparts in the Ensembl 29,076-gene set. Another 89 genes that had highly similar sequences to Ensembl 'novel' genes were discovered in our full-sequenced cDNAs. The latter 89 genes strongly support the existence of predicted 'novel' cDNA sequences, which are relatively less accurate.
Many genes expressed in the testis cause male infertility in humans [22] . Since it is estimated that up to 11% of all genes in the fruit fly might lead to male sterility [23] , in view of the complexity of the human genome, at least 4000 genes might be responsible for male infertility in humans and there must be many as yet unidentified genes that are related to male fertility. Functional analysis of 75 genes found to be highly expressed in the cynomolgus monkey testis may contribute such a medical interest about male infertility. A DNA microarray analysis is an appropriate method not only of annotating the pattern of expression of our full-length cDNAs, but of demonstrat-ing that our strategy for finding novel gene works well. In the first set of the DNA microarray experiment, among the 199 genes that displayed two fold or more higher expression with the testicular probes than with the mixed probes, 67 (34%) were classified as the Ensembl 'known' genes, whereas among the 45 genes that showed ubiquitous pattern of expression (signal intensities within 1.5 fold of each other with both probes), 23 (51%) were classified as Ensembl 'known' genes. This finding indicated that the probability that transcripts overexpressed in testis are derived from unidentified novel genes is significantly higher than that of ubiquitous transcripts (p = 0.028: Fisher's exact test).
Evolutionary inspection is also important, especially for gene analysis of the testis, because genetic diversity in the male reproductive system is quite large, even among closely related species. Many reproductive proteins have evolved rapidly at the molecular level [24, 25] . We compared 117 sequences of cynomolgus monkey cDNA and the corresponding human genome sequences described above, and use of the cDNA microarray revealed that 79 of the 117 cDNAs were overexpressed in testis ( = 2.0 fold in testis) and 15 were ubiquitously expressed (within 1.5 fold of each other). We estimated the sequence divergence of putative coding sequences between humans and cy- QtsA-18012 NM_032596 testes development-related NYD-SP22 (NYD-SP22)
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nomolgus monkeys and found that the average non-synonymous nucleotide divergence of testis-dominantly expressed genes (0.024) was significantly greater than that of ubiquitously expressed genes (0.012; p value < 0.01), whereas divergence in synonymous sites were not different significantly (testis-dominant genes: 0.54, ubiquitous genes: 0.51). This finding is also highly consistent with a report that the proteins of genes expressed in a tissue-specific manner evolve an average of twice as fast as those that are ubiquitously expressed [26] .
Although a number of full and partial sequences of human genes have been deposited in the public databases, many of the genes in the human genome have not yet to be discovered experimentally. Most of the undiscovered genes may be expressed very seldom or their expression may be restricted to certain tissues and developmental stages. The complete human genome will be available in 2003, and a search of the entire genome for novel genes by oligonucleotide-based microarray analysis is designed; i.e. an attempt to predict all candidate human genes from the human genome and experimentally confirm the transcript status of the predicted regions as well as the entire region by using a oligo-nucleotide-based microarray [27, 28] . However, it is difficult to overcome the problem of rarely or temporarily expressed genes for practical reasons. The transcriptional and genomic approaches will compensate for each other's blind spots, and many tissues, developmental stages, and other organisms should become experimental subjects for finding undiscovered genes to complete the human gene catalog.
Materials and Methods

cDNA library from cynomolgus monkey testis
A 15-year-old male cynomolgus monkey was used as the source of the testis, and a 1-year-old and 21-year-old female cynomolgus monkeys were used for other RNA samples. The monkeys were cared for and handled according to guidelines established by the Institutional Animal Care and Use Committee of the National Institute of Infectious Diseases (NIID) of Japan and the standard operating procedures for monkeys at the Tsukuba Primate Center, NIID, Tsukuba, Ibaraki, Japan. Tissues were excised in accordance with all guidelines in the Laboratory Biosafety Manual, World Health Organization, and were carried out at the P3 facility for monkeys of the Tsukuba Primate Center, NIID. Immediately after collection, the tissues were frozen with liquid nitrogen and used for RNA extraction. Oligocapped cDNA libraries were constructed according to the method described previously [29, 30] .
DNA sequencing
The 5'-end sequences of the clones were sequenced using ABI 3700 sequencer (Applied Biosystems), and categorized using DYNACLUST (DYNACOM), based on a BLAST search against the GenBank database. The entire sequences of clones were determined by the primer walking method. Cycle sequencing was performed with an ABI PRISM BigDye Terminator Sequencing kit (Applied Biosystems) according to the manufacturer's instructions.
to that of the corresponding spots in duplicate, the spots were not processed for the subsequent analyses. Finally, the ratio of signal intensities of Cy3 (the testicular probe) and Cy5 (the mixed probe) was obtained from average value of duplicated spots and normalized by dividing by the ratio of the beta-action spots as a control.
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